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In this paper, we study the spin excitation properties of the frustrated triangular-lattice anti-
ferromagnet Yb(BaBO3)3 with nuclear magnetic resonance. From the spectral analysis, neither
magnetic ordering nor spin freezing is observed with temperature down to T = 0.26 K, far be-
low its Curie-Weiss temperature |θw| ∼ 2.3 K. From the nuclear relaxation measurement, precise
temperature-independent spin-lattice relaxation rates are observed at low temperatures under a
weak magnetic field, indicating the gapless spin excitations. Further increasing the field intensity,
we observe a spin excitation gap with the gap size proportional to the field intensity. These phe-
nomena suggest a very unusual strongly correlated quantum disordered phase, and the implications
for the quantum spin liquid state are further discussed.
The persistent quantum fluctuations in geometrically
frustrated antiferromagnets always lead to novel quan-
tum ground states as well as exotic spin excitations. One
of the archetypical case is the quantum spin liquid (QSL)
state, where spins are highly entangled, strongly fluctu-
ate but never order or freeze even at zero temperature1.
Various novel quantum properties such as fractional spin
excitations, topological order, et al. can be expected in
the QSLs2. Besides, the research on the QSLs is believed
to be of significant importance for solving the puzzle
of high-Tc superconductivity
3,4 as well as the quantum
communication5. Antiferromagnetically coupled small
spins on the triangular or kagome lattice have supply
people with promising route to realizing the QSL state.
Several geometrically frustrated antiferromagnets
are argued to be the promising QSL candidates,
including the hot materials of ZnCu3(OH)6Cl2
6–8
and Cu3Zn(OH)6FBr
9 with kagome struc-
ture, and κ−(BEDT-TTF)2Cu2(CN)3
10–12 and
EtMe3Sb[Pd(dmit)2]2
13–15 with the triangular lat-
tice. As analogs of the half spins carried by Cu2+,
the rare earth ions Yb3+ located on triangular lattice,
which can be treated as Kramers doublets with an
effective spin of Jeff = 1/2, supply an alternative way
to approach the QSL state.
The newly discovered Yb3+-based material
YbMgGaO4 is proposed to host a gapless U(1) QSL state
as evidenced by the strong spin excitations with the
temperature far below its Curie-Weiss temperature16,17
and the power-law temperature dependence of the
specific heat18. However, the ground state is still highly
controversial. The observed continuous spin excitation
spectrum is first assigned to be spinons, and treated as a
strong evidence for the QSL state19. While the valence
bond excitation is further proposed to be responsible for
this continuum20,21. From the thermal conductivity of
YbMgGaO4
22, no significant magnetic excitation contri-
bution is observed. The obvious broadening of the spin
wave excitation in the polarized state, and broad crystal
electric field excitation of Yb3+ further indicate the
strong disorder effect resulting from the random mixing
between Mg2+and Ga3+23,24. The frequency-dependent
peak around T = 0.1 K seen from ac-susceptibility,
indicative of the spin-glass ground state25, further
questions the existence of QSL state in YbMgGaO4 and
its counterpart YbZnGaO4 with similar structure and
properties. How severe influence on the ground state by
the disorder effect is still unclear. A recent theoretical
study shows that the disorder-free YbMgGaO4 should
exhibit a robust collinear magnetic order. It is the mixed
Mg2+/Zn2+ and Ga3+ site disorder effect that results in
the spin disorder and give birth to the spin-liquid like
behavior26.
To clarify the controversial results about the ground
state in YbMgGaO4, studying new materials contain-
ing Yb3+-triangular lattice is an alternative way with
significant importance. In this paper, we employ nu-
clear magnetic resonance (NMR) as a local probe to
perform detailed study on the static magnetism and
spin dynamics in the triangular lattice antiferromagnet
Yb(BaBO3)3
27. The Curie-Weiss fit to the low temper-
ature dc-susceptibility gives a value of θw ∼ −2.3 K
27,
comparable to that in YbZnGaO4
25. Neither magnetic
ordering nor spin freezing is observed with the temper-
ature down to 0.26 K evident by spectral analysis and
spin-lattice relaxation rate (SLRR) measurements. For
the spin excitations, the SLRRs show a temperature-
independent behavior for 0.26 K< T < 10 K under a
weak magnetic field. With stronger magnetic fields, we
observe a spin excitation gap with the gap size propor-
tional to the field intensity. These observations imply an
unusual quantum disordered ground state with strong
spin fluctuations.
Both polycrystals and single crystals of Yb(BaBO3)3
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FIG. 1: (color online) (a) A sketch of the crystalline struc-
ture of Yb(BaBO3)3. The inequivalent positions of
11B sites
are denoted by ”B1” to ”B3”. (b) Top view of the triangu-
lar arrangement of magnetic Yb3+ cations. (c) Typical 11B
NMR spectra with the magnetic field applied perpendicular
or parallel to the c-axis of the single crystal.
are used in this work. The polycrystals are synthesized
by the solid reaction method27 and the single crystals
are obtained by the conventional flux method. For the
NMR study, about ten milligram of polycrystals and sin-
gle crystals with typical dimensions of 4 × 4 × 0.1 mm3
are selected. The single crystal is placed on a piezoelec-
tric nano-rotation stage for precise alignment of the field
direction. Our NMR measurements are conducted on the
11B nuclei(γn = 13.655 MHz/T, I = 3/2) with a phase-
coherent NMR spectrometer. The spectrum is obtained
by summing up or integrating the spin-echo intensities
at different frequencies or magnetic fields. The SLRR is
measured by the standard inversion-recovery method.
The Yb(BaBO3)3 crystalizes in the hexagonal struc-
ture with space group P63cm
27,28[See Fig.1(a)]. The
YbO6 octahedrons locate on the crystalline ab-plane,
and are inter-connected by the corner-shared BO3 tri-
angles. The triangular planes formed by Yb3+ ions
are interleaved with three layers of nonmagnetic Ba/B-
O polyhedrons stacked layer upon layer along c-axis,
and can be treated as quasi-two dimensional frustrated
antiferromagnets16,29–31.
Typical single crystal 11B NMR spectra are presented
in Fig.1(c) for both field directions. With a in-plane mag-
netic field, the spectrum is composed by two groups of
peaks denoted by the down arrows and shadows. The
11B nucleus has a nuclear spin of 3/2, thus we can ex-
pect three NMR transitions for the nucleus in a non-
zero local electric field gradient (EFG). In Yb(BaBO3)3,
there exist three inequivalent 11B sites, with the inter-
layer and in-plane boron sites respectively denoted by
B2 and B1/B3 in Fig.1(a). The nuclei contributing to
the sharp α peaks have a weaker hyperfine coupling with
the magnetic layer, as evidenced by the nearly temper-
ature independent Knight shift (the relative line shift
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FIG. 2: (color online) (a) The frequency-swept 11B NMR
spectra of the single crystal. (b) The field-swept 11B NMR
spectra of the polycrystal. (c) The Knight shift with the mag-
netic field perpendicular to the crystalline c-axis as a function
of temperature. The saturated Knight shift as a function of
field intensity is shown in the inset.
with respect to the Larmor frequency, shown below), and
a much slower spin-lattice relaxation as compared with
the β peaks. Hence, the α peaks can be assigned to the
B2 site, and β peaks are from the in-plane B1/B3 site.
Under a field along the crystalline c-axis, the β peaks
from B1/B3 sites smear out and become undetectable
as a result of too fast spin-spin relaxations, again con-
firming their strong coupling to the magnetic site. The
nuclear quadruple resonance frequency νQ is calculated
to be ∼ 1.34 MHz for B2 and ∼ 1.31 MHz for B1/B3 at
T = 1.7 K.
We present the spectra at different temperatures of
the single crystal and polycrystal respectively in Fig.2
(a) and (b). The two inequivalent B(1) and B(3) sites
should give birth to double peaks at the high frequency
side in the single crystal. However, we have observed
multiple tiny peaks (This is more obvious in the high field
spectrum (µ0H = 15 T) at temperatures as high as T =
220 K). This is more clear for the satellite peaks, which
is much more sensitive to the structural inhomogeneity.
The tiny splitting is supposed to result from the disorder
effect.
Neither spin ordering nor freezing behavior is observed
for the entire temperature region down to T = 0.26
K. With the single crystal cooling down, both the cen-
tral transition and satellites shift to a higher frequency.
The frequency gap between the tiny peaks also increases,
which is directly proportional to the Knight shift. For
the polycrystal, the central peak also shift to the low field
side, consistently indicating the enhanced Knight shift.
3In condensed matter NMR, there mainly exist two possi-
ble reasons for the line splitting or broadening, with dif-
ferent temperature and field dependence. One is the mag-
netically ordered state, where a non-zero hyperfine field
contributed from the static ordered moment give rise to
the line splitting (for the commensurate magnetic order)
or typical double-horn like line shape (for the incommen-
surate order). The frequency gap can be viewed as the
order parameter, and show weak field dependence as the
hyperfine field results from the ordered moment instead
of the electron spin magnetization. This is completely
not applicable to the present case, as the frequency gap
can be well scaled with the spin susceptibility reflected
in Knight shift.
The other reason is the distributed Knight shift in the
paramagnetic phase. In the ordinary case, the inhomo-
geneous Knight shift across the sample will result in ob-
vious line broadening instead of the splitting. We think
the 11B nuclei which are supposed to locate on B(1) and
B(3) sites may spread to other inequivalent nearby sites
as a result of the small ion radius, resulting to some dif-
ferent discrete hyperfine coupling constant. This should
be the most possible reason for the line splitting observed
in our sample.
To study the intrinsic spin susceptibility, we further
plot the Knight shift as a function of temperature in
Fig.2(c) under different field intensities. The peak po-
sitions for the single crystal are determined by fits to the
B(1) and B(3) central transitions with the multi-Lorentz
function. The Knight shift is calculated based on the fre-
quency of the peak at the high frequency side denoted by
the black short lines in Fig.2(a) with stronger hyperfine
coupling to gain a better sensitivity, and make tracking
of the peaks more easily. With the sample cooling down,
all the Knight shifts share a similar temperature depen-
dence, first increase mildly and begin to level off at low
temperatures. Under high magnetic fields, the tempera-
ture for the level-off behavior appearing further rises and
the saturated Knight shift is suppressed (see Fig.2(c) in-
set). We further extrapolate the saturated Knight shift
to zero field limit (shown by the ⋆ symbol), and its tem-
perature dependence is proposed by the dashed line in
Fig.2(c). The level-off behavior and its field dependence
is related with the gapless spin excitations in the highly
anisotropic spin system and their suppression under ap-
plied field, which will be further discussed in the last
part.
Next, we study the novel spin excitations
through the spin-lattice relaxation. The spin-
lattice relaxation rate (T1)
−1 formulated as
(T1)
−1 ∝ T
∑
−→q |A(
−→q )|2[χ
′′
(−→q , ωL)], is a good probe
for the low-energy spin fluctuations in solids, where
A(−→q ) and χ
′′
(−→q , ωL) respectively denote the hyperfine
coupling tensor as a function of the wave vector −→q and
the imaginary part of the dynamic susceptibility at the
nuclear Larmor frequency ωL.
The SLRR are measured by the standard inversion-
recovery method with a better accuracy, and determined
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FIG. 3: (color online) Typical nuclear magnetization recovery
curves for the polycrystal ((a) and (b)) and the single crystal
((c) and (d)). The solid lines are fittings to the functional
forms described in the main text.
by fitting the observed time dependent nuclear magneti-
zation to the recovery function. We show some represen-
tative spin recovery curves in Fig.3. For the polycrystal
(Fig.3 (a) and (b)), The stretching behavior in the re-
covery curve is always observed due to the overlap of the
resonance peaks resulting from line broadening and also
the distribution of SLRR values. The temperature de-
pendence of the index β is further shown in Fig.4 (a)
for different field intensities. For the low field region
(µ0H <= 4.25 T) and high field (µ0H >= 6.4 T) high
temperature region, the stretching index is around 0.8.
With µ0H >= 6.4 T, the index drops gradually at suffi-
cient low temperatures.
For the single crystal (Fig.3 (c) and (d)), the standard
relaxation function for nuclei with I = 3/2 is used to fit
the spin recovery for the low field region (µ0H <= 3.5
T) and high field high temperature region (µ0H > 3.5
Tesla and T >=1.7 K), where only one T1-component
is observed. For the high field low temperature region,
the function with double T1-component is used to fit the
recovery curve. The stretching behavior seen in the poly-
crystal is not present here. We have carefully checked the
frequency dependence of the SLRRs, and show the repre-
sentative nuclear magnetization recovery curves at differ-
ent frequencies of the central transition of B(1) and B(3)
sites in Fig.4 (b). Obviously, the relaxation behaviors are
very similar to each other. The variation of the relative
weights between two different components is about 3.5%
and the difference of the SLRR is within 15%, indicating
the uniform spin excitations in the single crystal.
In Fig.5, we present the temperature dependence of
(11T1)
−1 under a wide field intensity range to discuss the
spin excitations in Yb(BaBO3)3. For the single crystal,
the (11T1)
−1 is measured at the same peak, whose Knight
shift is shown in Fig.2(c). With the sample cooling from
room temperature to T ∼ 70 K, the (11T1)
−1 strongly
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FIG. 4: (color online) (a) The temperature dependence of the
stretching index β of the polycrystal under different field in-
tensities. (b) The nuclear magnetization recovery of the single
crystal at different frequencies of the B(1) and B(3) spectra.
The f(1) to f(4) respectively mark the different minor peaks
contributed by the B(1) and B(3) sites, where the measure-
ments of the SLRR are performed (left inset). The spectral
weight of different T1-components is shown in the right inset.
increases, and shows a field-independent characteristic.
Below T ∼ 70 K, the (11T1)
−1 begins to flatten out,
and shows a precise temperature-independent behavior
below T = 10 K down to 0.26 K under a in-plane 0.51
Tesla weak magnetic field. With strengthening the mag-
netic field intensity, the (11T1)
−1 drops gradually at low
temperatures, and shows a fan-like shape. For both our
single crystals and polycrystals, very similar behavior are
observed (See Fig.5 (a) and (b)), confirming these phe-
nomena to be completely intrinsic.
The (11T1)
−1(T ) behavior for the high temperature re-
gion (70 K< T < 300 K) results from the slowing down
of spin fluctuations contributed by the thermally excited
Yb3+ multiplet with strong correlations. This is consis-
tent with the previous reported large |θw| obtained from
the high temperature dc susceptibility27. More intrigu-
ing is the quantum spin excitations reflected in the low
temperature (11T1)
−1 behavior.
Neither λ−like critical slowing down behavior typical
for spin ordering nor ”hump”-like slow spin dynamics re-
sulting from spin freezing32 is observed in our sample,
again demonstrating the absence of magnetic ordering or
freezing with the temperature down to T ∼ 0.26 K, and
further showing the strong magnetic frustration effect.
The temperature independent SLRR directly indicate the
maintaining spin excitations down to the temperature far
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FIG. 5: (color online) The temperature dependence of the
SLRR ((11T1)
−1) for µ0H ⊥ c−axis in the single crystal (a)
and in the polycrystal (b). For the field higher than 5 Tesla,
double T1 components are needed to fit the nuclear magneti-
zation recovery curve below T ∼ 1.7 K, and both the (11T1)
−1
values are also shown in (a). We think the component with
faster relaxation rates is contributed from the disorder ef-
fect, corresponding to the in-gap state observed in neutron
scattering23. The solid lines are fits to the thermally acti-
vation behavior (See the text). The 11T−11 measurement is
made at the frequencies corresponding to the B1/B3 sites in
the single crystal.
below |θw| ∼ 2.3 K, and demonstrate a constant sum of
dynamic spin susceptibility in the momentum space.
We step further to explore the properties of novel
quantum excitation by tracking its evolution under dif-
ferent magnetic field. In Fig.6(a) and (b), we plot the
ln((11T1)
−1) versus T−1, and fit the data with a linear
function to demonstrate the magnetic field induced spin
excitation gap. The gap size obtained from the fittings
is shown in Fig.6(c) as a function of the field intensity.
Surprisingly, the spin excitation gap size is simply pro-
portional to the applied field intensity.
The spin excitation behavior seen in this frustrated tri-
angular lattice compound Yb(BaBO3)3 is very unusual.
First, at the low field side, (11T1)
−1(T ) shows a pre-
cise temperature-independent behavior at low temper-
atures, and the Knight shift also show a level-off be-
havior. Actually, this behavior is reported previously in
YbMgGaO4
17, NaYbS2
34, NaYbO2
35 as well as other ge-
ometrically frustrated magnets36–39. The SLRR directly
reflects the low energy spin excitations summarized in the
momentum space, while the the Knight shift mainly mea-
sures the spin susceptibility at −→q = 0. The level-off be-
havior suggests the strong spin excitations maintaining at
low temperatures have a very weak −→q dependence. This
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FIG. 6: (color online) the natural logarithm of the SLRR
(ln((11T1)
−1)) as a function of the reciprocal of temperature
(T−1) for the single crystal (a) and polycrystal (b) samples.
The solid red lines are linear fits to the data. (c) The field
dependence of the spin excitation gap obtained from the above
fittings. The field dependence of the spin-wave excitation gap
in YbMgGaO4
23,33 is also shown.
fact is consistent with the proposed U(1) QSL ground
state with spinon fermion surface40–42. Further identifi-
cations by measuring the full spin excitation spectrum is
needed.
Second, at the high field side, a field induced spin
excitation gap is observed, with the gap size propor-
tional to the field intensity. We think that this gap must
not be the spinon excitation gap under magnetic field,
even if there exist spinon excitations at the low field
side. Recent theoretical study suggests that the spinon
bands splits in magnetic field due to the Zeeman effect,
and the energy gap is directly proportional to the field
intensity43. However, this theory is based on the fact
that the spinon remains a good description of the spin
excitation in the weak field regime33. The well-defined
dispersive spin-wave excitation is already observed by the
inelastic neutron scattering for fields above µ0H = 7.8
T in YbMgGaO4
23. For the present sample, the satu-
rated magnetic field is comparable to that in YbMgGaO4
as seen from the susceptibility data27. The QSL state
should not be preserved for such a high magnetic field,
and this field dependence of the gap size must have no ob-
vious connections with the spinon excitations. Thus, the
most possible origin of the evolution of the field induced
spin gap should be related with the spin-wave excitations
at the strong magnetic field regime44. The suppressed
Knight shift at the high field side is also related with the
the gapped out low-energy spin excitations23,33.
At last, we would like to compare our sample with
the recently discovered Yb-based 112 system with the
chemical formula AYbX2 (A=Na, Cs; B=O, Se)
45. For
field up to µ0H = 15.8 T, typical behaviors for the spin
ordering or freezing are completely absent in our sam-
ples. This indicates that the spin system stays far away
from the magnetic instable point, in sharp contrast with
that in the recently discovered Jeff = 1/2 triangular
lattice NaYbO2
46,47, NaYbSe2
48, CsYbSe2
49 and the Ki-
taev QSL candidate material α-RuCl3
50,51. Thus, from
this aspect, our sample has supplied a better reference
compound for YbMgGaO4.
To conclude, we performed the first NMR study of the
novel spin excitations in the newly discovered Jeff = 1/2
triangular lattice compound Yb(BaBO3)3 . Absence of
any spin ordering or freezing is evidenced by both the
spectral analysis and the SLRR measurements, with the
temperature down to 0.26 K. At low magnetic fields, The
temperature independent (11T1)
−1 at low temperatures
indicates the maintaining of strong quantum spin excita-
tions and a constant sum of dynamic spin susceptibility
in the momentum space. These observations indicate the
strong magnetic frustration effect, and a novel quantum
ground state with strong spin fluctuations. Under high
magnetic fields, the field-induced spin excitation gap is
observed, with the gap size proportional to the field in-
tensity. We think this gap should be the gap of the dis-
persive spin-wave excitations at the strong magnetic field
regime of the QSL state.
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